We evaluated the effects of ministrokes targeted to individual pial arterioles on motor function in Thy-1 line 18 channelrhodopsin-2 (ChR2) transgenic mice within the first hours after ischemia. Using optogenetics, we directly assessed both the excitability and motor output of cortical neurons in a manner independent of behavioral state or training. Occlusion of individual arterioles within the motor cortex led to a ministroke that was verified using laser speckle contrast imaging. Surprisingly, ministrokes targeted to a relatively small region of the forelimb motor map, with an ischemic core of 0.07 Ϯ 0.03 mm 2 , impaired motor responses evoked from points across widespread areas of motor cortex even 1.5 mm away. Contrasting averaged ChR2-evoked electroencephalographic, spinal (ChR2 evoked potential), and electromyographic responses revealed a mismatch between measures of cortical excitability and motor output within 60 min after stroke. This mismatch suggests that apparently excitable cortical neurons (even Ͼ1 mm into peri-infarct areas, away from the infarct core) were impaired in their capacity to generate spinal potentials leading to even more severe deficits in motor output at muscles. We suggest that ischemia, targeted to a subset of motor cortex, leads to relatively small reductions in excitability within motor cortex, and cumulative depression of both descending spinal circuits and motor output in response to the activation of widespread cortical territories even outside of the area directly affected by the ischemia.
Introduction
Recovery of motor function after stroke is dependent on the capacity of the brain to reorganize surviving circuitry Nudo, 2006) . Motor maps exhibit plasticity (Kerr et al., 2011) and alterations during training (Nudo et al., 1996a; Kleim et al., 1998; Tennant et al., 2012) , and their remapping over days to weeks after stroke is related to the recovery of motor behavior (Castro-Alamancos and Borrel, 1995; Nudo et al., 1996b) . However, assessment of motor function can be challenging in experimental animals given that stroke often produces a period of prolonged synaptic depression (Hossmann, 1971 (Hossmann, , 1994 Astrup et al., 1977 Astrup et al., , 1981 Heiss, 2000) . Furthermore, to adequately assess motor function sophisticated behavioral tests that can be difficult to implement and interpret in mice are required, particularly at early time points after ischemia (Levin et al., 2009; Alaverdashvili and Whishaw, 2010; Moon et al., 2009) . Recently, we have used the light-activated ion channel channelrhodopsin-2 (ChR2; Boyden et al., 2005) as a means of assessing the excitability (Xiong and Jin, 2012) of neurons in somatosensory and motor cortex (Xie et al., 2013) within the first minutes to hours following global ischemia. Our approach revealed neurons that were silent with respect to sensory processing, but were nonetheless excitable after reperfusion. These excitable neurons may be available to mediate circuit-level plasticity that could contribute to recovery of function. However, our previous work was limited to global ischemia and did not evaluate focal ischemia models where an affected core and a penumbra with a partial reduction in blood flow was present. Here, we extend this previous work to focal ischemia and have directly evaluated motor function using ChR2 stimulation. Given that ischemia impairs initiation (Schafer et al., 2009 ) and conduction (Bolay and Dalkara, 1998) of neuronal signals, and can also alter the excitation-inhibition balance of cortex (BuchkremerRatzmann et al., 1996; Bütefisch et al., 2003; Wang, 2003; Schmidt et al., 2012) , optogenetics can potentially differentiate between effects on general neuronal excitability and selective depression of motor output. In the case of motor function we have applied optogenetics to automate the mapping of motor cortex (Ayling et al., 2009; Hira et al., 2009 ) to better resolve effects within both the ischemic core and penumbra by examining changes in neuronal excitability and the topography of motor maps within the initial 2.5 h after stroke. We have focused on this time interval because this is when treatments, such as thrombolysis and other interventions, are performed (Cook et al., 2012; Hill et al., 2012) . We report that a ministroke directed to a subset of the forelimb motor map has a significantly larger effect on motor output than that expected from its action on local cortical neuronal excitability.
Materials and Methods
Animals and surgery. All animal protocols were approved by The University of British Columbia Animal Care Committee. Male and Female The Jackson Laboratory Line-18 stock 007612, strain B6Cg-Tg (Thy1-COP4/ EyFP)18Gfng/J channel rhodopsin-2 transgenic mice (Arenkiel et al., 2007) from an established breeding colony aged 2-4 months weighing 20 -30 g were used. Mice were anesthetized using 2% isoflurane in air, which was reduced to 1-1.5% during surgery. Body temperature was maintained at 37 Ϯ 0.5°C using a heating pad and feedback from a rectal probe. The mouse was placed in a custom made head hold ) and a craniectomy was made over the right motor cortex without removing the dura. Agarose dissolved in HEPES buffered ACSF, pH 7.3, to 1.5% was placed over the surface of the cortex at 37°C. The surface of the cortex was then covered with a No.1 130, 160-m-thick glass coverslip. Teflon-coated silver wires were surgically implanted into the left extensor carpi ulnaris for electromyography (EMG) and placed over the surface of cortex for electroencephalography (EEG). After performing a laminectomy over a region corresponding to the fourth cervical vertebrae, a silver ball electrode was inserted superiorly to the exposed area over the dorsal column the spinal cord and stabilized in agarose. Ground electrodes were placed subcutaneously in the forepaw, hindlimb, and above the nose. The skin of the forelimb was sealed with cyanoacrylate, or light-based mapping anesthesia was switched to a ketamine xylazine combination (100/10 mg/kg) and supplemented as required.
Laser-speckle contrast imaging. The surface of the cortex was illuminated with a 784 nm 32 mW StockerYale SNF-XXX_885 s-35 laser (Stocker and Yale) at a 30-degree angle with a beam expander and light intensity controlled by a polarizer. The flow of blood cells and resultant blurring in the interference patterns was detected by a CCD camera (Dalsa 1M60). Image acquisition was performed using EPIX XCAP software (v2.2). Fifty frames were acquired at 10 Hz with a 10 ms exposure time. The 1024 ϫ 1024 image stack was variance filtered with a kernel size of 3 ϫ 3 pixels and averaged into a single 32-bit image. The square root of the resultant image was divided by the mean filtered image stack to generate a single image. Regions of interest selected for assessment of blood flow over time were 20 ϫ 20 pixels (76 ϫ 76 m) and centered over the vessel targeted for occlusion. Blood flow measurements were estimated as the inverse square of speckle contrast values and scaled between minimum and maximum flow rate (Ohtsubo and Asakura, 1976; Dunn et al., 2001; Cheng et al., 2003) . To determine regional changes in blood flow images were Gaussian filtered, typically with a pixel radius of 15, subtracted from baseline images, and thresholded to contrast levels equivalent to 20, 40, and 60% reductions relative to mean image contrast. Maximal speckle contrast values were empirically determined from dead animals and minimum values were those associated with prestroke image contrast levels.
Optogenetic motor mapping and assessment of neuronal excitability. The methodology for light-based motor mapping was described in detail previously (Ayling et al., 2009) . Custom software written in Igor pro (v6.2, Wavemetrics) moved a scanning stage (ASI MS-2000) with the mouse beneath a fixed 473 nm laser focused to a diameter of ϳ100 m. Laser pulses were 10 ms in duration. Sites of stimulation were 300 m apart and typically arranged in a 12 ϫ 14 grid of sites that were stimulated in semirandom order, with the requirement that sites had to be further than 750 m each other to be stimulated sequentially. Stimulation of the grid was repeated three times and the resultant recordings from each independent site of cortical activation and muscular activity in the periphery were averaged to generate a motor and neuronal excitability map. EMG and ChR2-evoked electroencephalographic , and cortically evoked dorsal spinal potential recordings were amplified 1000 times (model 1700, A-M Systems), digitized (National Instruments NIDAQ), and then recorded and monitored online in Igor pro. The amplitude of EMG signals were quantified as the root mean square of the signal and the amplitude of the EEG was the maximum of the rectified integrated signal Ͼ50 ms after stimulus onset. Laser intensity ranged from 1 to 5 mW and was adjusted to the lowest power settings capable of generating stable motor maps. Only responses with amplitude that exceeded three times the SD of the 500 ms prestimulus period were included in mapping data. If the EEG electrode encroached within the mapping grid a distinct light artifact in a minimal number of EEG map pixels from the laser striking the electrode was evident (see Fig. 4C ), and was therefore removed from the dataset. To aid analysis of sparsely sampled maps EEG and EMG response maps were upsampled, leading to a pixel size of 100 ϫ 100 m, normalized to their respective means, aligned relative to the stroke location and averaged.
A potential concern is that the laser-induced photoactivation of ChR2 may spread to regions of cortex not affected by the ministroke because light scattering through tissue and other factors increases the apparent area of photoactivation. The greatest responses are at the targeted photo activation site; however, intrinsic optical signal (IOS) imaging revealed that responses are detectable at a distance of 600 -900 m (Ayling et al., 2009). The relatively sharp boundaries of motor maps (presumably due to a threshold) suggest that the area of activation associated with motor responses may be smaller than areas activated and recorded with IOS and here with EEG. In mice in which recordings from the spinal cord were used, ChR2 stimulation was limited to two sites, either at the location of the vessel targeted for occlusion or in a peri-infarct area within motor cortex. These two stimulation sites were at an average distance of 1.36 Ϯ 0.22 mm of each other. Recording ChR2-evoked EEG potentials in the spinal cord, and EMG responses from 200 to 300 repetitions of stimulation at of these two sites was performed before and after stroke. Quantification of potentials recorded from the spinal cord was performed by measuring the peak deflection in the signal.
Targeted photothrombosis. The animals were placed under an upright microscope (Olympus BX51W1) and the target vessel was located through a 40ϫ0.8 NA water-immersion objective. The animal was injected intravenously in the tail with 0.01-0.03 mg/g rose bengal dye (Sigler et al., 2008; Risher et al., 2010; Mohajerani et al., 2011; ) diluted in 0.02 ml HEPES buffered artificial CSF. Light from a 532 nm laser (Beta Electronics MgM-20) was directed at the target vessel through the epifluorescence light path of the microscope. Photoactivation of the dye was maintained until the clot formed; this was first confirmed visually and then with laser-speckle imaging similar to previous studies (Sigler et al., 2008 (Sigler et al., , 2009 Mohajerani et al., 2011) .
Statistics. EMG and EEG data were normalized to the average of values acquired in the baseline mapping session for each mouse. Wilcoxon signed rank tests were used to compare EEG, EMG, and blood flow measures to hypothetical baselines. Comparisons between stroke (n ϭ 8) and sham (n ϭ 7) EEG and EMG signals (with some maps missing at random due to the requirement of maintenance of the proper anesthetic plane for mapping), were performed with MannWhitney tests. Ischemic territories from these mice were compared with Kruskal-Wallis and Dunn's post hoc statistical tests. Linear regression analysis was applied to quantify the relationship between EEG and EMG signals as a function of distance from the infarct core. In the cohort of mice in which spinal potentials were recorded comparison of EEG, spinal potentials, and EMG signals after stroke were performed with one-way ANOVA followed by Bonferonni within group post hoc tests (n ϭ 4). The same statistical testing was applied to the surface area of ischemic territories. Comparison of EEG, spinal potentials, EMG, and speckle values after stroke to those measured at baseline were performed with paired t tests. Statistical tests were performed using GraphPad Prism (version 5.0). (Aii) and EEG (Aiii) responses evoked from light stimulation directed at each site on cortex. Aiv, Quantification of the ChR2 evoked EEG response; the raw, rectified and integrated signal. Bi, Processed laser-speckle image displaying blood flow of surface vasculature, with higher velocity blood flow appearing as a darker tone. The arrow indicates the arteriole targeted for occlusion, selected for its location branching from the middle cerebral artery over a restricted region of the motor map. ChR2 evoked EMG (Bii) and EEG (Biii) responses from three repetitions averaged and scaled between minimal and maximal values represented as pixels ranged from black to white reveal a ChR2-evoked motor and neuronal excitability (EEG) map. Tracings of vasculature superimposed on the motor map, with the vessel targeted for occlusion colored in blue. Biv, Outline of the motor map after thresholding-excluding responses Ͻ25% of maximum. Location of vessels targeted for occlusion relative to center of motor maps (n ϭ 8). Outline of thresholded motor map relative to forelimb and hindlimb cortical sensory representations and bregma based on previous observations (Ayling et al., 2009) . C, Timeline of the experiment. Baseline maps and laser speckle imaging was performed. Photothrombosis was achieved by irradiating the target vessel after injection of rose bengal. Following induction of stroke, changes in blood flow were measured with laser speckle imaging before ChR2 mapping ensured. This procedure was repeated for 2.5 h.
Results

Light-based motor mapping
but dependent physiological processes, this approach serves to assay selective vulnerabilities within the motor system. Unlike traditional intracortical microstimulation mapping methods which aim to determine the dominant response of a particular area (Tennant et al., 2011) , we quantitatively map ChR2-evoked cortical and forelimb EMG responses across the entirety of motor cortex to assay the regional capacity of cells to drive motor output.
Evolution of the targeted stroke
Stroke was induced with a modified version of the rose bengal method (Watson et al., 1985) targeting individual surface pial arterioles (Sigler et al., 2008;  Fig. 2A ). Laser-speckle imaging and laser-optogenetic stimulation did not commence until 5-10 min after the occlusion was induced to avoid additional off-target photoactivation of the dye. Imaging after stroke revealed that within a 20 ϫ 20 pixel (76 ϫ 76 m) area surrounding the targeted vessel, blood flow was reduced to 27.1 Ϯ 3.9% of baseline ( p Ͻ 0.05 n ϭ 8 mice; Fig. 2B ). Pial arterioles were targeted for occlusion were 46.5 Ϯ 5.7 m in diameter (n ϭ 8). Within 40 -50 min, blood flow decreased to Ͻ20% of baseline and continued to decline gradually throughout the experiment. The ischemic territory was calculated by subtracting baseline laser-speckle contrast images from those acquired after induction of stroke. Thresholding images at contrast values equivalent to 20, 40, and 60% of mean baseline blood flow values confirmed that the infarcted area was restricted to a subset of motor cortex (Fig. 2C,D) . The targeted vessels were located on average 1.66 Ϯ 0.43 laterally and Ϯ0.21 mm caudally from the center of motor maps (Fig. 1B) .
The initial 0.07 Ϯ 0.03 mm 2 ischemic core defined by 20% blood flow expanded to 0.45 Ϯ 0.27 mm 2 within 130 -140 min after irradiation. Similarly, hypoperfused areas corresponding to reductions in blood flow of 40% and 60% were initially restricted to 0.8 Ϯ 0.3 mm 2 and 1.6 Ϯ 0.5 mm 2 regions, but they expanded to 1.2 Ϯ 0.02 and 2.3 Ϯ 0.7 mm 2 by 130 -140 min after stroke, (Fig.  2C,D) . As photoactivation and subsequent occlusion in this model of stroke is localized to surface arterioles, damage to deeper cortical layers occurs more gradually (Enright et al., 2007) and is consistent with the findings where surface vascular networks can supply deeper cortical areas (Schaffer et al., 2006; Blinder et al., 2013; Shih et al., 2013) .
Differential effect of stroke on neuronal excitability, spinal potentials, and motor maps After stroke, motor output (measured using EMGs) was reduced at all stimulated points within the motor map (Figs. 3A-C, 5A ). Deficits in motor maps were more widespread and severe with motor output at the stroke core depressed to 28.8%Ϯ13.0 of baseline (see Fig. 5D ; group data). Motor output at 1 and 1.5 mm from the stroke core was 58.1%Ϯ6.2 and 68.8%Ϯ4.6 of baseline, respectively, increasing as a function of distance ( Fig. 5D ; r 2 ϭ 0.92, p Ͻ 0.001, group data). There was no significant change in the number of responsive points in motor maps (Fig. 3C) . Notably, the majority of the stimulated locations (for EMGs) were not directly encroached upon by the stroke core as defined by laserspeckle imaging (Fig. 2A) . This is comparable to ministrokeinduced remapping in sensory systems, where responses at the stroke core were attenuated, but cortical regions farther from the infarct were preserved (Sigler et al., 2008) . Immediately after stroke, the average of all responses within motor maps were depressed to 59.1 Ϯ 13.6% ( p ϭ 0.063) of baseline, whereas sham animals maintained motor output at 93.4 Ϯ 34.0% of baseline ( p ϭ 0.344; Fig. 3B ; based on EMG amplitude). The decrease in motor output continued after stroke, reaching 40.2 Ϯ 12.6% ( p Ͻ 0.001) of baseline by the last mapping session (130 -160 min). Motor output in sham animals (n ϭ 7) increased to 184.7 Ϯ 34.7% ( p Ͻ 0.05) of baseline at the corresponding time point (between groups comparison p Ͻ 0.001). Repetitive optogenetic stimulation significantly increased motor output in a time dependent manner in sham animals comparable with previous work (Ayling et al., 2009) .
In contrast to the deficit observed in motor maps, neuronal excitability as defined by ChR2-evoked EEG signal was relatively preserved across cortex (Fig. 4 A, B) . Signal amplitude, measured as the peak of the rectified integrated signal over a 50 ms period, was used to generate EEG maps to reflect baseline light-evoked neuronal excitability across cortex. Average neuronal excitability (EEG) values from across cortex within 40 min after stroke onset were 96.6 Ϯ 2.1% of baseline (n ϭ 6). These values were not significantly different from sham animals 90.1 Ϯ 2.3% (n ϭ 7). In maps collected during the final mapping session EEG maps collected from stimulation across the entire 3 ϫ 4 mm cranial window were 73.3 Ϯ 6.0% of baseline in the stroke group and 79.3 Ϯ 2.6% of baseline in sham controls ( Fig. 4B ; based on EEG amplitude). Presumably, the 20% run-down in map amplitude in the sham control animals was due to time-dependent changes in this acute preparation. Although neuronal excitability was typically lower in stroke animals, no significant differences in the amplitude of the EEG responses were observed between stroke and sham control animals at any time point. Significant differences in neuronal excitability after stroke relative to baseline were reached in maps collected at 70 -100 min poststroke ( p Ͻ 0.05). In maps generated 10 -40 min after stroke, a local depression to 80.4 Ϯ 5.0% of baseline was detectable poststroke. This depression in ChR2-evoked EEG was local, as within 400 m of the occlusion site values of excitability were 95.9 Ϯ 6.8% relative to the baseline map ( Fig. 5A-D) . As ministroke-induced depression of neuronal excitability was local it did not display a linear correspondence between distance and changes in excitability over millimeter scales (r 2 ϭ 0.30, p ϭ 0.0651; Fig. 5 D, E) . After averaging ChR2-evoked EEG responses, we observed activity after the initial 50 ms evoked response that typically per- sisted for 500 ms (Fig. 4C ). This activity may represent a cortical response dependent on activity (Lim et al., 2012) . Persistent activity decreased to 81.1 Ϯ 5.3% of baseline ( p Ͻ 0.01) 10 -40 min after stroke (n ϭ 6), whereas activity at the same time point in sham animals was maintained at 106.3 Ϯ 8% (n ϭ 7; p Ͻ 0.05). Within 130 -160 min after stroke, this activity was reduced to 70.5 Ϯ 12.8%, whereas it was preserved at 99.1 Ϯ 15.2% in sham animals (Fig. 4D) .
In the cohort of mice in which spinal cord recordings were performed (Fig. 6A-F ) blood flow at the target vessel was reduced to 24.7 Ϯ 9.0% ( p Ͻ 0.05) immediately after stroke (within 10 min), remaining stable (25.8 Ϯ 10.4%) at 40 -50 min poststroke (n ϭ 4; Fig. 6C ). Vessels targeted for occlusion were 58.3 Ϯ 11.6 m in diameter (n ϭ 4). Within groups comparison of the surface area of ischemic territories after repeated-measures ANOVA ( p Ͻ 0.001) demonstrated significant differences between groups (Fig. 6B) . Descending spinal potentials evoked from light stimulation at the site of the occluded vessel within cortex were recorded within 10 -40 min after stroke (Fig. 6 A, D) . We observed that cortically evoked (ChR2-mediated) spinal potentials were reduced to 42.3 Ϯ 5.4% of baseline for sites in the stroke core and declined to 56.5 Ϯ 11.6% (n ϭ 4; p Ͻ 0.05) when evoked at cortical peri-infarct sites (1.3 Ϯ 0.2 mm away; Fig. 6 D, E) . The latency of the peak of spinal potentials recorded at the peri-infart site increased to 36.3 Ϯ 1.0 ms from 32.3 Ϯ 2.9 ms (n ϭ 4; p ϭ 0.11). The increase in latency at the stroke core was not significant, 36.1 Ϯ 0.8 ms from a baseline of 29.9 Ϯ 2.23 ms (n ϭ 4; p ϭ 0.059; Fig. 6F ). Simultaneous cortical EEG and EMG recordings acquired immediately after stroke confirmed that neuronal cortical excitability was maintained (90.5 Ϯ 12.8%), whereas motor output by EMG was impaired (12.4 Ϯ 1.5%) at the site of the infarct ( p Ͻ 0.05) and in the stimulated peri-infarct area (83.7 Ϯ 1.0%; 24.7 Ϯ 9.8% p Ͻ 0.05; n ϭ 4; Fig. 6E ). These finding suggest a progressive loss of excitability as ChR2-evoked activity enters the spinal cord that may account for the relatively larger effect on motor output than direct cortical excitability.
Discussion
Localized strokes cause widespread suppression of motor maps
The canonical view of brain injury is that the magnitude of the deficit is proportional to infarct size (Lashley, 1931) . In the hours after focal ischemia it is unclear whether this holds, as variable degrees of structural damage are possible depending on local perfusion and there is an inherent nonlinearity of ischemic thresholds (Hossmann, 1994; Baron and Marchal, 1999; Baron, 2001) . Ischemia imparts differential consequences on axonal (Enright et al., 2007) , dendritic (Johansen et al., 1984) , and postsynaptic (Horner et al., 1998) neuronal structures. Remote deficits in connected regions (Mohajerani et al., 2011; Carter et al., 2012a,b) and selective vulnerability of different cell types (Khazipov et al., 1995) and areas of the brain (Zhao and Flavin, 2000) adds further complexity to the effects of focal lesions. Here, we characterized functional changes in optogenetically activated layer 5 neurons, a cell population responsible for motor output from cortex (Anderson et al., 2010) . We addressed the differential effects of ischemia on cortical and muscular excitability with the spatial resolution to identify regional changes. The ischemic core, defined as the area with Ն80% reduction blood flow, was restricted to a portion of forelimb motor cortex; however, the functional deficit was apparent at all stimulated sites within motor maps. The infarct core was surrounded by an evolving and substantial amount of hypoperfused tissue. Over time, this developing penumbra expanded across motor cortex. Although the pyramidal tract is unexcitable during proximal middle cerebral occlusion (Bolay et al., 2000) , a smaller ischemic region was sufficient to cause a deficit in motor output. The pervasive effect of a small ischemic insult, notably also influencing remote areas of motor cortex during early stages of stroke, is suggestive of a unique vulnerability in the motor system.
Composition of the channelrhodopsin-2 evoked cortical, spinal, and muscular responses B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J mice express ChR2 predominantly in layer 5 pyramidal neurons. Photoactivation of ChR2 leads to opening of cation channels triggering action potentials Boyden et al., 2005) . ChR2-evoked EEG responses may in part reflect action potentials; being depressed after application of TTX and are relatively insensitive to glutamate receptor antagonists . We treat the initial ChR2-evoked EEG response as a measure of neuronal excitability that reflects a combination of action potentials, photocurrent, from the initial 600 -900 m diameter area of activation (Ayling et al., 2009 ) and potentially widespread synaptic activity (Lim et al., 2012) . EEG activity persisted after the initial ChR2-evoked response, typically lasting for 500 ms, and may represent photocurrent-triggered cortical synaptic activity.
Photostimulation of layer 5 neurons can evoke motor responses (Ayling et al., 2009; Hira et al., 2009) and blocking intracortical glutamatergic synaptic transmission does not significantly affect gross motor output (Ayling et al., 2009) . Within the scope of our stimulation parameters, motor output is likely largely independent of intracortical synaptic activity. Strokeinduced deficits in motor output appear to be related to attenuation of corticofugal efferent neuronal signals. This contrasts sensory responses, whose vulnerability to stroke could be due to their dependence on local synaptic function (Mohajerani et al., 2011; Shih et al., 2013) . The corticospinal tract is the major corticofugal projection of motor cortex in rodents; with descending axons running primarily within the dorsal columns of the spinal cord (Lemon, 2008) . We recorded a local field from the dorsal column of the spinal cord to delineate a motor signal representing successfully generated and propagated action potentials orig- Figure 5 . The spatial relationship between changes in neuronal excitability, motor output, and the ministroke for group data. A, Average upsampled ChR-2 stimulated motor maps, (100 ϫ 100 m pixels) normalized to their respective mean, aligned based the location of the infarct and averaged together. Motor maps (average) at (Ai) baseline and (Aii) motor maps immediately after stroke (10 -40 min; n ϭ 6). B, Average upsampled neuronal excitability maps, (100 ϫ 100 m pixels) normalized to their respective mean, aligned based the location of the infarct and averaged together. ChR-2 stimulated EEG map at (Bi) baseline and (Bii) immediately after stroke (n ϭ 6). C, Schematic of how plots in D were derived, with the amplitude of each map pixel being binned according to its distance to the infarct regardless of direction. D, Motor output (r 2 ϭ 0.92; p Ͻ 0.001) and neuronal excitability (r 2 ϭ 0.30; p ϭ 0.0651) immediately after stroke relative to baseline maps as a function of distance from the occluded vessel. E, Schematic of the spatial changes in neuronal excitability and motor output imparted by targeted ischemia.
inating from motor cortex. Contrasting measures of neuronal, spinal, and muscular activity facilitates differential study of the effect of stroke on the electrical viability of neurons, their effectiveness in generating and disseminating efferent signals, and their transmission to target muscles.
Neuronal excitability is less affected than spinal potentials and motor output after stroke Preservation of neuronal excitability is vital for stroke recovery (Clarkson and Carmichael, 2009; . Neurons that surround the irreversibly damaged infarct core (Lo, 2008) can maintain their excitability (Symon et al., 1977; Astrup et al., 1981; Hossmann, 1994) and are the medium of functional remapping (Murphy and Corbett, 2009 ). Neurons within hypoperfused tissue can have intact membrane potentials while being unable to fire sensation-evoked action potentials (Astrup et al., 1977) . By directly depolarizing neurons with photoactivation of ChR2, we revealed that neurons in motor areas subjected to ministrokes are still excitable by averaged EEG yet fail to produce muscle excitation. Our results suggest that cortical excitability Figure 6 . The effect of stroke on ChR2-mediated and cortically evoked dorsal spinal potentials. A, Distance of the two sites optogentically stimulated, one being the stroke core and the other a hypoperfused peri-infarct region within motor cortex. B, The surface area of cortex with area corresponding to various thresholds of blood flow immediately after stroke (0 -10 min; n ϭ 4). Significant differences *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 for multiple-comparisons between these measures via Bonferroni Post Hoc testing after one-way ANOVA. C, Blood flow at the 76 ϫ 76 m region of interest at the vessel targeted for occlusion (n ϭ 4). Significant differences # p Ͻ 0.05, ##p Ͻ 0.01 after t test. D, ChR2-evoked spinal cord potentials from stimulation of motor cortex at the site of the stroke (Di) and within a peri-infarct area (Dii) recorded along the dorsal column superior to the level of the fourth cervical vertebrae. E, ChR2-evoked cortical (EEG), spinal cord dorsum potential (CDP), and muscular (EMG) potentials recorded 10 -40 min after stroke demonstrate the progressive attenuation of the motor output after stroke (n ϭ 4). F, Latency to peak spinal response from ChR2 cortical stimulation from each stimulation site; at the stroke core and at the periinfarct site.
may not always be a good predictor of the effects detected within target muscles.
Previous work mapping the spatial relationship between ministroke induced changes in cortical microcirculation and deficits in sensation-evoked responses highlighted the vulnerability of cortical processing . Deficits within sensory responses are likely due to depression of local synaptic transmission (Hershkowitz et al., 1993; Rosen and Morris, 1993; Shih et al., 2013) , potentially overshadowing other deficits such as impaired axonal conduction (Bolay and Dalkara, 1998) which is pertinent to efferent motor processes. By directly depolarizing neurons through photoactivation of ChR2, we revealed that synaptically silent neurons in sensory-motor areas are excitable, but display a deficit in transmitting motor output to muscles. We also demonstrate a deficit in ChR2-evoked delayed cortical responses (500 ms after photostimulation) as observed with EEG (Fig. 4C) . This may represent a deficit in cortical processing dependent on synaptic transmission. Although ischemia induced deficits in synaptic transmission are considered to be detrimental (Hofmeijer and van Putten, 2012) , the synaptic terminals required to make motor maps (Ayling et al., 2009 ) are remote from the sites of cortical ischemia (Lemon, 2008) . This suggests vulnerability of processes in addition to cortical synaptic transmission may be responsible for the observed depression of motor maps (Fig. 3) which previous work suggests are evoked largely independently from local synaptic transmission (Ayling et al., 2009 ). Preservation of ChR2-evoked EEG cortical responses after stroke suggests that cortical neurons have a hyperpolarized membrane potential ). Attenuation of cortically evoked spinal responses was observed (Fig. 6 D, E) Only relatively minor deficits in ChR2-evoked EEG responses were detected in this ministroke model (Fig. 5B) . We caution that the observation of maintained cortical excitability (evoked by photostimulation of ChR2) may not directly reflect action potential propagation in layer 5 neurons. Our recordings within brain and spinal cord are consistent with maintenance of cortical excitability and progressive failure within descending spinal circuits; however, this approach does not cellular resolution to directly assess this. A reduction in basal excitatory synaptic transmission onto inhibitory cells can indirectly increase neuronal excitability (Khazipov et al., 1995) . Alternatively, increased inhibition after stroke may be contributing to deficits in motor output (Clarkson et al., 2010) , perhaps being responsible for altered motor excitation thresholds (Bolay et al., 2000) . These scenarios can lead to selective deficits in motor function, but may not necessarily be reflected in overall excitability (Capaday, 2004; Clarkson et al., 2010) . It is likely that several factors contributed to the observed functional deficit. This may reflect a stroke-induced "stunned brain state" (Hinman et al., 2013) where inhibitory and excitatory connections undergo different levels of dysfunction (Wang, 2003) . Following focal ministroke, we use ChR2 to directly stimulate cortex and observe preserved cortical EEG activity, but significantly greater depression of motor output. These findings suggest caution when using measures of cortical activity as predictors of functional outcome following stroke.
The integrity of ChR2-evoked EEG responses in the presence of a significant deficit in spinal, and muscular responses demonstrates a deficit in serial processing that occurs downstream of the induced photocurrent. There is a nonlinear relationship between intensity of excitation delivered to motor cortex and muscle activation; thus, small changes in cortical excitability can have large effects on motor output when gated by spinal circuitry (Devanne et al., 1997). Although this may be beneficial for motor control, here we report the severe consequence of a minor alteration in These neurons are still excitable (when measured with the ChR2-evoked averaged EEG response); however, there is a cumulative depression in the motor signal, with an attenuated signal in the spinal cord and a severe depression in motor output as detected in the muscle. These motor deficits were detectable when stimulation was targeted to cortical areas over a millimeter away from the stroke core, whereas depressed neuronal excitability was only detected at the stroke core.
cortical excitability on descending spinal potentials and motor output (Fig. 7) .
Focal stroke imparts remote and differential effects on neuronal, spinal, and muscular excitability within the initial hours after stroke. How the integrity of these responses evolves as cell death and cortical rewiring progresses over weeks following stroke is an active area of research (Kleim et al., 2002; Teskey et al., 2003; Benowitz and Carmichael, 2010; Dancause and Nudo, 2011) . Motor function can recover over 6 -8 weeks from ischemia targeted to areas of similar or larger size as studied here in mouse motor cortex . Part of this resilience may be due to effects outlined here, where cortical excitability is relatively preserved, facilitating plasticity. Interestingly, recent work suggests strategies for restoring function based on prosthetic stimulation of surviving cortical areas after focal injury (Guggenmos et al., 2013) .
